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ABSTRACT: Age-related hearing loss (ARHL), a degenerative disorder characterized by age-dependent
progressive increase in the threshold of auditory sensitivity, affects 40%o of people over the age of 65, and it
has emerged as an important social and public health problem. Various factors, including genetic and
environmental components, are known to affect both the onset and severity of ARHL. In particular, age-
dependent changes in cellular oxidative stress and inflammatory responses accompanied by altered cellular
signaling and gene expression progressively affect the function of the auditory system and eventually lead
to hearing impairment. Recent findings suggest that a disturbance of intracellular NAD* levels is clinically
related to the progression of age-associated disorders. Therefore, maintenance of optimal intracellular
NAD™ levels may be a critical factor for cellular senescence, and thus, understanding its molecular signaling
pathways would provide critical insights into the prevention and treatment of ARHL as well as other age-
related diseases. In this review, we describe the role of NAD* metabolism in aging and age-related diseases,
including ARHL, and discuss a potential strategy for prevention or treatment of ARHL with a particular

interest in NAD*-dependent cellular pathways.
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Age-related hearing loss (ARHL), known as presbycusis,
is a degenerative disorder characterized by progressive
worsening of auditory sensitivity with age. Although
ARHL is not life-threatening, it affects communication
and functional ability, and is strongly associated with
decreased quality of life, cognitive decline, and increased
incidence of clinical depression and social isolation [1].
ARHL affects around 40% of people over the age of 65.
The percentage continues to increase with age, reaching a
maximum of 60-80% of people over the age of 85 [2].
Owing to the high prevalence of ARHL in aged people,
especially, with a steady but significant increase in human
lifespan, ARHL is emerging as a major social and public
health  problem.  Therefore, early prevention,

detection/diagnosis, treatment, and improvement of the
quality of hearing health care are crucial for hearing
impaired patients.

ARHL is critically influenced by a host of
environmental factors as well as genetic factors [3]. For
example, lifetime insults to the auditory systems by noise,
smoking, and ototoxic medication are mainly considered
as critical predisposing factors that accelerate the hearing
loss with age. Inherited and acquired mutations in the
chromosomal and mitochondrial DNAs also enhance the
susceptibility to ARHL. ARHL is generally accompanied
by various types of auditory dysfunction that progresses
with age. The functional integrity of three major
components of the cochlea, organ of Corti, stria
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vascularis/spiral ligament, and spiral ganglion neurons are
compromised in different types of ARHL. A high-
frequency hearing loss may reflect a sensory hearing loss
due to outer hair cell damage in the organ of Corti [4]. An
early non-specific progressive hearing loss may indicate a
metabolic hearing loss caused by the damage to stria
vascularis and spiral ligament prior to significant hair cell
degeneration [5]. Because the stria vascularis is heavily
vascularized and has an extremely high metabolic rate, the
hearing loss caused by the damage to stria vascularis is
called as a metabolic hearing loss. Neural hearing loss,
which is thought to affect speech comprehension, usually
refers to the damage to the spiral ganglion neurons. Many
histological studies support the loss of outer hair cells as
well as cellular components in stria vascularis and spiral
ligament in ARHL.

Although several hypotheses have been postulated to
explain the molecular mechanism of age-associated
chronic diseases, including ARHL, many of them are yet
to be proved. However, oxidative stress, mitochondrial
dysfunction, inflammatory response, and altered cell
signaling and gene expressions have been reported to
facilitate tissue damages that play a central role in age-
related disease that are characterized by morphological
and ultrastructural  degeneration.  Recently, the
intracellular ~ nicotinamide  adenine  dinucleotide
(NAD*)/NADH ratios have been reported to be decreased
in various organs, including liver, heart, kidney and lung,
in aged animals and human skin tissue [6, 7]. The decrease
of NAD*/NADH ratio is attributed to the NAD*-
consuming Poly(ADP-ribose) polymerase 1 (PARP1)
hyper-activation induced by the accumulation of age-
associated oxidative damage due to altered redox
mechanisms and consequent DNA damage [6]. Since
silent mating type information regulation 2 homolog 1
(sirtuinl, SIRT1) activity is influenced by the
NAD*/NADH ratio [8], a significant reduction in the
NAD*/NADH ratio in the aging process causes a decrease
in SIRT1 activity with age. In addition, the a-
ketoglutarate dehydrogenase (a-KGDH) complex, an
enzyme complex of Krebs cycle in the mitochondria,
facilitates the generation of reactive oxygen species
(ROS) after the reduction in NAD*/NADH [9]. Also,
decreased NAD*/NADH favors ROS generation in the
respiratory chain complex | [10]. Therefore, maintaining
adequate NAD™ levels may be a critical factor for cellular
senescence and could emerge as a useful strategy for
treating many diseases, including age-related diseases. In
this review, we describe the role of NAD* metabolism in
aging and age-related diseases, including ARHL, and
describe a potential strategy for prevention or treatment of
ARHL, by targeting the NAD®-dependent cellular
pathways.

Aging, ARHL, and Calorie Restriction (CR)
Influence of ROS and Inflammation in Aging

Aging refers to a series of time-dependent changes at
molecular and cellular levels leading to characteristic
phenotypic alterations that negatively affect the function
of various organisms. Recently, increased attention is
being focused on the involvement of ROS in age-related
cellular degeneration throughout the organism. More than
50 years ago, Harman proposed that aging is the result of
damage to tissues by free radicals that ultimately causes
functional deficits of organs [11]. Free radicals or ROS,
including superoxide anion, hydrogen peroxide, and
hydroxyl radicals, are unavoidable byproducts of cellular
respiration. They are very unstable, highly reactive, and
thereby damage proteins, lipids, and DNA in the target
organs. Mitochondria has been reported to play a key role
in aging, both as a major source of ROS and a target for
their damaging effects, and, therefore, mitochondrial
oxidative stress appears to be a cause, rather than a
consequence [12, 13]. This oxidative stress leads to the
damage of mitochondrial molecules such as
mitochondrial DNA (mtDNA), lipids, or proteins. A
recent study on transgenic mice with a high rate of
accumulated mMtDNA mutations demonstrated that
increased mMtDNA mutations leads to signs of accelerated
aging, including early onset of hearing loss [14].
Interestingly, ototoxic insults, such as noise, ototoxic
drugs, as well as aging, increase the oxidative stress and
ROS production, that inflicts oxidative damage on
mtDNA and mutations of mtDNA leading to defective
electron transport [15]. ROS create a vicious cycle in
which the mtDNA mutation increases the ROS-induced
cellular damage, activating the apoptotic cascade and
thereby inducing cell death [16, 17].

The increased inflammation is considered as one of
the hallmarks of aging and is closely associated with
chronic diseases. While acute inflammation is normally
tightly controlled and is a part of the healing process,
chronic low-grade inflammation with increases in
circulating pro-inflammatory markers, such as TNF-a, IL-
6, and C-reactive protein (CRP) have been associated with
a number of age-associated chronic disorders, including
cardiovascular disease, diabetes, physical disability, and
cognitive decline [18]. Several potential mechanisms
contribute to age-related inflammation. Decline in
immune function with aging promotes inflammation.
Although it is somewhat difficult to decipher if age-
related chronic diseases are a cause or consequence of the
excessive inflammation, these age-related chronic
disorders, such as obesity, physical inactivity,
cardiovascular disease, diabetes, chronic kidney disease,
osteoarthritis, and Alzheimer’s disease, are closely
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associated ~ with  increased  inflammation  [19].
Interestingly, chronic inflammation results in the
generation of free radicals that facilitate the damage and
deterioration of target cells and organs, which further
leads to chronic disease. Furthermore, it is well known
that oxidative stress induced ROS increases in tissues and
circulating sera, while antioxidant capacity declines with
age [20]. Though it is not easy to determine which is a
cause or consequence, literary evidences indicate a
complex relationship  between inflammation and
oxidative stress in age-associated diseases.

Influence of ROS and Inflammation in ARHL

Although the biological mechanisms underlying ARHL
remain to be elucidated, one possible mechanism causing
ARHL is the effect of inflammatory processes on the
cochlea. It has been reported that there is a relationship
between ARHL and chronic inflammatory diseases such
as diabetes [21] and cardiovascular disease [22]. A link
between immune function and experimental ARHL has
also been identified in an animal model study using a
senescence-accelerated mouse (SAM), the SAMP1 [23].
Furthermore, pro-inflammatory cytokines such as TNF-a,
IL-6, and IL-1pB, play a critical role in cochlear tissue
damage in noise- or cisplatin-induced hearing loss [24,
25].  Immunohistochemical localization of pro-
inflammatory cytokines in the cochlea following noise or
cisplatin exposure indicated that these cytokines are
predominantly expressed in the stria vascularis, spiral
ganglion neuron, and organ of Corti. These studies
suggest the possibility that a chronic age-related
inflammation could induce, or accelerate, long-term
damage to the cochlear tissue with age, thereby eventually
facilitating ARHL.

Influence of CR and SIRT in Aging and ARHL

Caloric restriction (CR) extends the lifespan of most
mammalian species and appears to consistently decrease
the biological rate of aging in a variety of organisms as
well as delay the onset of age-associated diseases,
including chronic inflammatory disorders such as
hypertension,  cardiovascular ~ disease,  diabetes,
nephropathy, and stroke [26-28]. CR also delays the onset
of ARHL and reduces the age-related cochlear pathology
in rodents [29-31]. The mechanisms underlying the
beneficial effects of CR in aging and age-associated
diseases are attributed to the reduced oxidative damage to
protein, lipid, and DNA and reduced levels of mtDNA
mutations by decreasing the metabolism and the
associated production of damaging ROS [26, 32].
However, recent findings indicate that CR in fact
increases the metabolism, which suggests the possibility

that there are other alternative mechanisms that mediate
the beneficial effects of CR in aging and age-associated
diseases [33, 34]. In order to identify these alternative
pathways, recent genetic and molecular studies in model
organisms began to elucidate the involvement of sirtuins,
a mammalian ortholog of Saccharomyces cerevisiae silent
information regulator 2 (SIR2) gene, on the beneficial
effect of CR. Interestingly, SIRTs require NAD* as a
cofactor for enzymatic histone deacetylase activity [35].
The deacetylation catalyzed by SIRTSs is coordinated with
the cleavage of NAD" into nicotinamide (NAM) and 1-O-
acetyl-ADP-ribose [36]. Thus, the NAD* requirement for
SIRT function indicates a potential link between aging
and metabolism.

Enzymes in Aging-related Hearing Loss
Role of sirtuin enzymes in aging and ARHL

NAD* acts as a metabolic cofactor and a rate-limiting co-
substrate for many enzymes, including the sirtuins. The
mammalian family of sirtuins consists of 7 enzymes,
named SIRT1-7 [37]. They are ubiquitously expressed
and they show a specific cellular localization and
function. SIRT1, SIRT6, and SIRT7 are generally
localized in the nuclei of cells [38], whereas SIRT3,
SIRT4, and SIRT5 are localized in the mitochondria [38-
40]. SIRT1 and SIRT5 act exclusively as deacetylases
[41, 42], whereas SIRT2, SIRT3, SIRT4, and SIRT6 may
also have a mono-ADP-ribosyl transferase activity [41,
43-45]. SIRTL, the most widely studied sirtuin, has a Km
for NAD* that lies within the range of the physiological
changes in intracellular NAD* content. This suggests that
sirtuin activity could be critically influenced by the
physiological changes in intracellular NAD* levels [46].
Considering that the intracellular NAD*/NADH ratios are
decreased in various tissues of aged animals and humans
[6, 7], this decreased NAD*/NADH ratio reduces the
SIRT1 activity with age. Furthermore, it has been reported
that CR extends yeast life span by increasing the cellular
NAD*/NADH ratio [47, 48]. SIRT1 also plays a key role
in energy homeostasis and extension of rodent life span
after CR [49, 50]. Quintas et al. reported the age-
associated decrease in SIRT1 expression in rat
hippocampus [50], whereas CR increased the expression
of SIRT1 in the brain, liver, adipose tissue, and kidney
[51]. Therefore, these findings suggest that the
simultaneous decreases of NAD*/NADH ratio and SIRT1
expression with age may play an important role in the
aging process and the pathogenesis of age-related
disorders.

SIRT1 regulates diverse biological functions through
direct interaction and subsequent deacetylation of its
targets such as FOXOs, PGC-1a, p53, and NF-kB, which
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closely relate to its function in the aging process and CR-
induced effect [49]. NF-xB transcription factor is one of
the key regulators of inflammation. NF-«xB activation is
achieved by either an IkB-dependent pathway through
IxB phosphorylation and subsequent degradation or an
IkB-independent pathway through post-translational
modifications of Rels, including acetylation of the NF-xB
p65 subunit. NF-xB p65 can be acetylated at 5 specific
lysine residues (Lys-122, -123, -218, -221, and -310). In
particular, acetylation of Lys-310 is required for the
transcriptional activity of NF-xB, whereas the other
acetylation sites are involved in DNA binding [52]. A
large body of recent evidence indicates that SIRT1
regulates the inflammatory responses through NF-xB p65
deacetylation. SIRT1 knockdown leads to inflammatory
pathway activation with increased inflammatory gene
expression, whereas SIRT1 activation produces anti-
inflammatory effects [53]. SIRT1 physically interacts
with the nuclear translocated NF-kB p65 and deacetylates
NF-«xB p65 at Lys-310, thereby inhibiting the
transcriptional activity of NF-xB [54].

The tumor suppressor p53 is a key transcription factor
in the cellular stress response [55]. A number of post-
translational modifications can occur in p53 that have
critical effects on its stability and function, including
phosphorylation, acetylation, sumoylation, neddylation,
and methylation [56]. Cytosolic p53 is bound to Mdm2, a
RING finger E3 ubiquitin ligase that facilitates
degradation under normal conditions. Cellular stress,
including DNA damage, hypoxia, or oxidative stress,
induces rapid mitochondrial translocation and post-
translational modification, such as acetylation of p53 by
p300/CBP or PCAF acetyltransferase [57]. The p53 is
acetylated at lysine residues, including Lys 370, 372, 382,
and 386 in the carboxy-terminal region. Because
acetylated p53 cannot bind to Mdm2, increased p53
acetylation levels strongly correlates with protein
stabilization and activation in response to cellular stress
[58]. Interestingly, nuclear SIRT1 and mitochondrial
SIRT3 regulate p53 function through direct interaction
and subsequent deacetylation of p53 [59]. In the nucleus,
acetylation of p53 stimulates its sequence-specific DNA-
binding and subsequent recruitment of other transcription
cofactors to promoter regions, and thereby enhances
transcription of target genes [60], such as the p53-
upregulated modulator of apoptosis (PUMA), NADPH
activator A (NOXA), and p53-induced gene 3 (PIG3) that
are involved in ROS production through mitochondrial
dysfunction or apoptosis. Deacetylation of p53 by
nuclear-localized SIRT1 inactivates this sequence-
specific transcriptional activity of the protein and
represses p53-mediated cell growth arrest and apoptosis
in response to DNA damage and oxidative stress [58].

Mitochondria-localized SIRT3 deacetylates and
activates several enzymes that are critical in maintaining
cellular ROS levels and apoptosis. Though it is not well
known whether acetylated p53 in mitochondria has other
functions, mitochondrial p53 interacts with anti- and pro-
apoptotic Bcl-2 family members to either inhibit or
activate them, and thereby promotes apoptosis through
robust mitochondrial outer membrane permeabilization
and subsequent cytochrome c¢ release [61, 62].
Deacetylation of p53 by mitochondrial-localized SIRT3
represses p53-mediated cell growth arrest and apoptosis
in response to DNA damage and oxidative stress [59].
SIRT3 also deacetylates SOD2 and thereby enhances the
catalytic activity of SOD2 to attenuate oxidative stress
[63]. SIRT3 knockout mice could not decrease the levels
of lipid peroxidation that are typically observed during
CR indicating that SIRT3 is necessary during CR to
mitigate oxidative stress. In addition, a recent report by
Someya et al. demonstrated that SIRT3 is critical for the
prevention of ARHL by CR as it enhances the
deacetylation of mitochondrial isocitrate dehydrogenase,
IDH2 [64]. SIRT3 enhances the enzymatic activity of
IDH2 by deacetylation during CR [64]. Activated IDH2
stimulates the reduction of NADP* to NADPH, which in
turn facilitates the reduction of oxidized glutathione and
thereby reduces oxidative stress. Furthermore, CR
reduced the loss of hair cells and spiral ganglion neurons
in the cochlea of WT mice, but not in SIRT3 KO mice.
Therefore, adequate SIRT3 levels and activity are critical
for the maintenance of normal hearing function.

Role of non-sirtuin NAD*-consuming enzyme PARPs in
aging and ARHL

Excessive oxidative stress may also cause DNA damage,
and accumulation of DNA damage can lead to cell cycle
arrest or genomic instability, which are common features
in the aging process. The removal of oxidative DNA
damage through repair of DNA single strand breaks is
facilitated by poly(ADP-ribose) polymerases (PARPS).
PARP-1 is the most critical protein modifying nuclear
enzyme involved in DNA repair. PARP-1 is a major
NAD* consumer in the cellular processes, in which the
ADP-ribose moiety is not transferred to an acetyl group,
as it happens with sirtuins, but to acceptor proteins in
order to build ADP-ribosyl polymers[65]. PARP-1 is
strongly activated by DNA damage and oxidative stress.
Under physiological conditions, mild activation of PARP-
1 can regulate several cellular processes, including DNA
repair, cell cycle progression, cell survival, chromatin
remodeling, and genomic stability.  However,
hyperactivation of PARP-1 upon severe oxidative damage
causes rapid depletion of intracellular NAD* levels
because PARP-1 uses NAD™ as the endogenous substrate
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for poly-ADP-ribosylation [60, 66]. Therefore, SIRT1
activity is  down-regulated  during  PARP-1
hyperactivation [67]. These observations indicate that
PARP-1 and SIRTL1 activity are inter-dependent as they
compete for a limited pool of cellular NAD*. In addition
to this competitive utilization of NAD®*, SIRTs and
PARPs are linked by another functional interaction.
SIRT1 directly interacts and deacetylates PARP-1, and
thereby reduces PARP-1 activity [68]. SIRT1 also
negatively regulates the transcriptional activity of PARP-
1 gene promoter, leading to decreased PARP-1 protein
synthesis [68]. Furthermore, depletion of NAD* following
PARP-1 hyperactivation has been shown to deplete
intracellular ATP stores leading to the release of
apoptosis-inducing factors (AIF) and consequent cell
death due to energy restriction. PARP-1 activation has
been implicated in the pathogenesis of many diseases such
as hypertension, atherosclerosis, lung injury, hemorrhagic
shock, and diabetic, cardiovascular, and kidney
complications. In these diseases, the oxidant-mediated
cell injury is dependent on PARP activation, and can be
attenuated by pharmacological inhibitors of PARP.
Therefore, precise regulation of PARP activity through
the regulation of NAD* and SIRTs may be also crucial to
prevent the development of several age-related
pathological disorders.

Therapeutic Considerations of NAD* Regulation

Although the exact mechanism responsible for age-
associated cellular damages are not fully understood yet,
numerous studies indicate that ROS and increased
inflammation are important factors. The role of these two
factors, ROS and inflammation, seems to be closely
related each other and thus influences the cellular
processes when they are abnormally regulated.
Accordingly, pharmacological interventions that can
reduce systemic inflammation and/or oxidative stress may
prevent or alleviate the development and progression of
age-associated diseases. However, their application is
severely restricted by the side effects associated with drug
usage [19]. Alternatively, maintaining a proper level of
intracellular NAD* and NADH seems to be a better
option, since recent studies suggest it as an indicator of
the metabolic state of a given cell [69]. Pathological
conditions such as diabetes, oxidative stress, and
neurodegeneration are well correlated with decreased
cellular NAD* levels [70-72]. Interestingly, a recent
report indicates that cellular NAD* level declines with age
[6, 7], which implies the importance of maintaining
optimal intracellular NAD* levels to prevent age-
associated cellular dysfunction. Since NAD* modulates
SIRTs involved in various cellular processes, including
energy metabolism, the beneficial effects observed with

enhanced SIRT activity could be attributed to increased
intracellular NAD* levels. This was clearly reflected by
the beneficial effects of CR on the lifespan as well as the
rate of the aging process mediated by NAD*-dependent
SIRT activation, which leads to enhanced mitochondrial
function [50, 73]. Consistent with this notion, the
therapeutic potential of NAD™ has recently been reported,
in which increase in SIRT activity by treatment with
resveratrol or synthetic small SIRT-activating molecules
enhanced the muscle strength, motor coordination, and
anti-aging effects [74-76]. However, additional studies
are required in the future to address target specificity of
resveratrol or small molecules and also the efficacy on
human subject [77].

Since both PARPs and SIRTs are NAD*-consuming
enzymes and thus compete for NAD*, the effect of NAD*
treatment may also result in altered SIRT activity through
the  crosstalk  between PARPs and SIRTs.
Supplementation of nicotinamide riboside has been
reported to improve the mitochondrial function and
alleviate phenotypic manifestation in high fat diet-
induced obesity, which correlates well with the increased
activities of SIRT1 and SIRT3 [73]. Moreover, selective
blockage of NAD*-consuming enzymes other than SIRTs
may also be a potentially good strategy to increase NAD*
levels. Consistent with this notion, targeted PARP
inactivation increased NAD* levels and increased SIRT1
activity [67], suggesting that the modulation of PARP
activity could be a therapeutic strategy for the treatment
of metabolic diseases associated with SIRT activity.

Approaches aimed at increasing the NAD™ levels by
supplementing NAD™ precursors through the activation of
de novo and salvage pathways for NAD* biosynthesis
have demonstrated cytoprotective effects against cellular
damages. In fact, this specific strategy increased NAD*
levels in vitro and in vivo. For examples, administration
of nicotinamide, a NAD* precursor, showed a protective
effect against oxidative stress and glucose deprivation in
vitro, and also alleviated tissue damages from animal
models of ischemia [78, 79], spinal cord injury [80], and
multiple sclerosis [81]. Similarly, nicotinic acid, another
NAD* precursor, has also been used to treat
hyperlipidemia [82], and nicotinamide riboside showed
extended lifespan in yeast [83], indicating the therapeutic
potential of NAD* precursors. Although NAD* treatment
has not been tested extensively for its cytoprotective
effects, a recent report suggests that it may reduce brain
damage by protecting against PARP-1-induced cell death
[84, 85]. In addition to de novo and salvage NAD*
biosynthesis pathways for regulating cellular NAD*
levels, intracellular NADH:quinone oxidoreductase 1
(NQO1) enzyme, a cytosolic flavoprotein, normally
participates in reduction of quinone compounds in
exchange for NADH oxidation to NAD* as shown in Fig.1
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[86, 87]. Moreover, NQO1 expression was recently
reported not only in the cytoplasm but also in the
mitochondria [88], suggesting that endogenous NQO1
may act in close relationship with cellular metabolic
pathways. Therefore, it is plausible that endogenous
factors or chemical agents that potentially activate NQO1
enzymatic activity or act as strong substrates of NQO1
may be beneficial by increasing intracellular NAD*
levels. Indeed, several reports indicate that
pharmacological activation of NQO1 ameliorates
phenotypic manifestations associated with pathological
conditions in rodent models. In particular, metabolic
diseases such as obesity and spontaneous hypertension
were shown to be reversed upon NQOL1 activation by -
lapachone, a strong NQOL1 substrate [89, 90], and
pathological conditions such as arterial restenosis due to
tissue injury and cisplatin-associated nephrotoxicity were
also ameliorated by NQO1 activation [91, 92]. In these

I. De novo & Salvage Pathways

o

L-Tryptophan w%: e

NR NMN

B ——
ATP, NRK1,2

experiments, activated NQO1 facilitated cellular
metabolism and mitochondrial function because of
increased intracellular NAD* levels through NADH
oxidation, which in turn facilitated phosphorylation of
AMPK and activation of SIRT1 protein. Therefore,
pharmacological modulation of NQOL1 activity in a short-
term seems to be an effective way to treat several
pathological conditions, including metabolic
dysfunctions, such as diabetes. Although the long-term
treatment of a NQO1 activator has not been adequately
studied to validate its therapeutic potential in the aging
process or more specifically in ARHL, a recent report
indicated that NQO1 activation leading to increased
cellular NAD* levels prevented motor and cognitive
declines associated with aging by mimicking CR effects
[93].
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Figure 1. Mammalian NAD* synthetic pathways. The biosynthesis of NAD* through de novo, salvage, and NQO1 pathways.
ATP: adenoshine triphosphate, FAD: flavin adenine dinucleotide, IDO: indoleamine 2,3-dioxygenase, Na: nicotinic acid, NaAD:
nicotinic acid adenine dinucleotide, NAD: nicotinamide adenine dinucleotide, NADS: NAD snythetase, Nam: nicotinamide, NaMN:
nicotininc acid mononucleotide, NaPRT: nicotinic acid phosphoribosyl transferase, NMN: nicotinamide mononucleotide, NMNAT:
nicotinamide mononucleotide adenylyltransferase, NQO1: NAD(P)H:quinone oxydoreductase 1, NR: nicotinamide riboside,
NRKZ1,2: nicotinamide reboside kinasel, 2, NamPRT: nicotinamide phosphoribosyltransferase, NMNAT: nicotinamide
mononucleotide adenyltransferase, QA: quinolinic acid, QPRT: quinolinate phosphoribosyltransferase, and TDO: tryptophan 2,3-

dioxygenase
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Taken together, these reports strongly suggest that
modulating NAD* levels may be an effective therapeutic
target in the treatment of ARHL as well as other aging-
associated metabolic diseases, and could be considered as
a prophylactic target. However, several questions are yet
to be answered to prove the long-term effect of
modulating NAD™ levels and to exclude any potential
adverse effects that may be associated with prolonged
increase in NAD™.
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